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top quark physics

>heaviest fundamental particle 
known today

>opens up field of high-pT physics

>already very well understood at 
ATLAS
 most precise single cross-section 

measurement

 several properties measured

>exceptional status for new physics, 
especially if new physics couples to 
the mass

>Tevatron: ~7800 top pairs per 1 fb-1

>LHC: ~165000 per 1 fb-1 
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hadronic 
W decay

leptonic 
W decay
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single lepton signal signature

>1 lepton (electron or muon)

>at least 4 jets

>one of them b-tagged
 secondary vertex or track/jet 

compatibility with primary 
vertex

at high mtt:

>can one still resolve all 
objects in final state?
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Figure 4: Reconstructed tt̄ mass on linear (a) and logarithmic (b) scales using the dRmin algorithm after

all cuts. The electron and muon channels have been added together and all events beyond the range of

the histogram have been added to the last bin. Only statistical uncertainties are shown.

Figure 5: Event display for a high-mass event (mtt̄ = 1602 GeV). The main panel on the top left shows

the r − φ view, the bottom panel the r − z view, and the middle right panel the calorimeter η − φ view.

The top quark boosts lead the decay products to be collimated, albeit still mostly distinguishable using

standard reconstruction algorithms.
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background processes

>several processes have 
similar final states

>object identification is not 
perfect

4

single top:
• real top 
decay
•additional 
jets and b-
jets

W+jets
• leptonic W 
decay
•additional 
jets

W+heavy 
flavour+jets:
• leptonic W 
decay
•additional jets 
and b-jets

QCD:
• jets and b-jets
• fake lepton 
via mis-
identified jet

they all look like this
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Figure 4: Reconstructed tt̄ mass on linear (a) and logarithmic (b) scales using the dRmin algorithm after

all cuts. The electron and muon channels have been added together and all events beyond the range of

the histogram have been added to the last bin. Only statistical uncertainties are shown.

Figure 5: Event display for a high-mass event (mtt̄ = 1602 GeV). The main panel on the top left shows

the r − φ view, the bottom panel the r − z view, and the middle right panel the calorimeter η − φ view.

The top quark boosts lead the decay products to be collimated, albeit still mostly distinguishable using

standard reconstruction algorithms.
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estimation of background

> ttbar irreducible

>W+jets normalization from data 
(reduced requiring b-tag)

>W+heavy flavour+jets fraction 
estimated from data

>QCD not well modelled in MC, obtain 
model from data and fit fraction using 
missing transverse energy distribution
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Top

W+Jets

QCD

New
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Figure 1: Emiss
T distributions in the electron (a) and muon (25 < pT(µ) < 30 GeV) (b) channels after

fitting the QCD background. No Emiss
T requirement is applied, and overflows are included in the last bin.

In the plots, the fractions β denote the normalizations of the Standard Model backgrounds determined
by the fit, and fQCD gives the fraction of the data due to the QCD background, as discussed in the text.
Systematic uncertainties are not shown in these plots.

all selection cuts. The MC samples are scaled to the Standard Model expectation, with each bin allowed
to vary according to a Gaussian distribution centred at the bin height, with 10% RMS to account for their
own modelling uncertainties. The QCD background and signal Emiss

T spectra are sufficiently different so
that fitting the QCD contribution to the full distribution will not mask a potential signal.

In the jet-electron approach, the template is determined before b-tagging to reduce statistical fluctu-
ations. The kinematic distributions in both tagged and untagged samples have been verified to agree in
shape within the available statistics.

In the muon channel, the QCD background is estimated using the jet-electron method only, since an
analogue of the anti-electron method yields insufficient statistics. The same jet-electron sample is used,
but the highly electromagnetic jet is now taken to be the fake muon candidate. Since the template is
found to have a different lepton pT distribution than the QCD background, the fit is done in three bins of
lepton pT: 20 < pT(µ) < 25 GeV, 25 < pT(µ) < 30 GeV and pT(µ) > 30 GeV.

The Emiss
T distributions using the jet-electron method in the electron channel and the muon channel

for the bin 25 < pT(µ) < 30 GeV are shown in Figure 1, together with the normalization factors returned
by the fit integrated over all bins.

After b-tagging the QCD background represents approximately 5% of the data in the electron chan-
nel, and 21%/13%/5% of the data in the muon channel in the bins of increasing muon pT. Normalization
uncertainties of 30% and 50% are assigned to the electron and muon channels respectively. These were
determined based on the fit results and available statistics in the QCD-dominated region of the Emiss

T
distribution.

8 Mass reconstruction

To reconstruct the tt̄ mass, the neutrino’s longitudinal momentum (pz) is determined by imposing the W-
boson mass constraint. If the discriminant of the quadratic equation is negative, the missing transverse
energy is adjusted to get a null discriminant [38]. If there are two solutions, the smallest pz solution
is chosen. The dominant source of long, non-Gaussian tails in the mass resolution is the use of a jet
from initial- or final-state radiation in the place of one of the jets directly related to a top quark decay

5
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how to search for new physics with top

>new physics will lie in regions that 
could not be reached energetically 
before

> first establish top signal

>need to understand top production 
and properties

> look at tails of distributions

>search for bumps in spectra

> look at substructure of jets 
(boosted objects)

> if no excess found, set exclusion 
limits
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bump/resonance
 or not?
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Figure 6: Expected (dashed line) and observed (black points connected by a line) upper limits on

σ× BR(Z� → tt̄) (a) and σ× BR(gKK → tt̄) (b) using the dRmin algorithm. The dark and light green

bands show the range in which the limit is expected to lie in 68% and 95% of experiments, respectively,

and the red lines correspond to the predicted cross-section times branching ratio in the leptophobic top-

colour and RS models. The error bars on the topcolour cross-section curve represent the effect of the

PDF uncertainty on the prediction.

12 Summary and conclusions

A search for top quark pair (tt̄) resonances in the lepton plus jets final state has been performed with the

ATLAS experiment at the LHC. The search uses a data sample corresponding to an integrated luminosity

of 200 pb
−1

, and was recorded at a proton-proton centre-of-mass energy of 7 TeV. No evidence for a

resonance is found. Using the reconstructed tt̄ mass spectrum, limits are set on the production cross-

section times branching ratio to tt̄ for narrow Z� models. The observed 95% C.L. limits range from 38

pb at m = 500 GeV to 3.2 pb at m = 1300 GeV. In Randall-Sundrum models, Kaluza-Klein gluons with

masses below 650 GeV are excluded at 95% C.L.
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dataset

>LHC: outstanding performance in 
2011 at 7 TeV

>ATLAS has very high data-taking 
efficiency

>This talk contains results based on 
luminosities of 35 pb-1 to 1.04 fb-1

7



semi-leptonic signature
exactly one lepton in final state
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top pairs plus missing transverse energy

>data excess at high missing ET might 
hint at new heavy particles:

TT ➞ ttA0A0 (A0 additional heavy 
particle)
 e.g. dark matter, stop quark pair production 

(arXiv:hep-ph/0105239, JHEP 0309, 051 
(2003))

>requires good understanding of MET

>good data-MC agreement

9
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top pairs plus missing transverse energy

>data excess at high missing ET might 
hint at new heavy particles:

TT ➞ ttA0A0 (A0 additional heavy 
particle)
 e.g. dark matter, stop quark pair production 

(arXiv:hep-ph/0105239, JHEP 0309, 051 
(2003))

>requires good understanding of MET

>good data-MC agreement

>no heavy particle signal found

>exclusion of quark like heavy particles 
decaying to top plus neutral particle 
(arXiv:0909.3555):
 370 GeV T decaying into top and 140 GeV A0

 420 GeV T decaying into top and 10 GeV A0

10
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top resonances: mass reconstruction

>search for Z‘/Kaluza Klein gluons

>use simple and robust mass 
reconstruction scheme

>reconstruct full final state, i.e. ttbar 
system

>using four leading jets for mtt leads 
to a long tail in resolution due to 
initial state radiation (ISR)

>better: exclude jets that are clearly 
separated from other objects in the 
event (ISR candidates)

11
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Figure 4: Reconstructed tt̄ mass on linear (a) and logarithmic (b) scales using the dRmin algorithm after

all cuts. The electron and muon channels have been added together and all events beyond the range of

the histogram have been added to the last bin. Only statistical uncertainties are shown.

Figure 5: Event display for a high-mass event (mtt̄ = 1602 GeV). The main panel on the top left shows

the r − φ view, the bottom panel the r − z view, and the middle right panel the calorimeter η − φ view.

The top quark boosts lead the decay products to be collimated, albeit still mostly distinguishable using

standard reconstruction algorithms.
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limits for black holes

>black holes decaying via strong 
gravitational scattering
 JHEP 0805 (2008) 003

  Phys. Lett. B594 (2004) 363–367

>24-38% branching ratio (750-2500 
GeV black hole threshold mass) of 
t+X and low parton multiplicity

> look for excess of tops at high mtt

>exclude quantum black hole mass 
thresholds below 2.35 TeV

12

ATLAS-CONF-2011-070

nances with production cross-sections predicted by the topcolor model cannot be excluded, the analysis
is already able to probe cross-sections in the few picobarn range for masses close to 1 TeV. The analysis
also has substantial sensitivity to an increase in the top quark production cross-section at high mass. For
the model considered (Section 3), quantum black hole mass thresholds below 2.35 TeV are excluded.
The results using a simplified “four hardest jets” method, in which no attempt is made to reject jets not
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Figure 8: Expected (dashed line) and observed (black points connected by a line) lower limits on
σ×BR(Z� → tt̄) (top) and the production of quantum black holes (bottom) including statistical uncertain-
ties only (left) and statistical and systematic uncertainties (right), using the dRmin mass reconstruction
method. The blue and yellow bands show the range in which the limit is expected to lie in 68% and
95% of experiments, respectively, and the red points correspond to the predicted cross-sections in the
topcolor (top) and quantum black hole models (bottom). The error bars on the topcolor cross-section
curve represent the effect of the PDF uncertainty on the prediction.

produced in top quark decays, are shown in Appendix A.

12
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limits for resonances

>narrow Z‘ produced weakly

>Leptophobic Top-Color:
 arXiv:hep-ph/9911288
 No exclusion up to now (200 pb-1)
 Tevatron exclude mtt~900 GeV with 3-5 fb-1

13
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>wider Kaluza Klein gluons 
produced strongly

>Randall-Sundrum Modell:
 arXiv:hep-ph/0701166; ATL-PHYS- 

PUB-2010-008
 Exclude low masses (< 700 GeV)
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Figure 6: Expected (dashed line) and observed (black points connected by a line) upper limits on

σ× BR(Z� → tt̄) (a) and σ× BR(gKK → tt̄) (b) using the dRmin algorithm. The dark and light green

bands show the range in which the limit is expected to lie in 68% and 95% of experiments, respectively,

and the red lines correspond to the predicted cross-section times branching ratio in the leptophobic top-

colour and RS models. The error bars on the topcolour cross-section curve represent the effect of the

PDF uncertainty on the prediction.

12 Summary and conclusions

A search for top quark pair (tt̄) resonances in the lepton plus jets final state has been performed with the

ATLAS experiment at the LHC. The search uses a data sample corresponding to an integrated luminosity

of 200 pb
−1

, and was recorded at a proton-proton centre-of-mass energy of 7 TeV. No evidence for a

resonance is found. Using the reconstructed tt̄ mass spectrum, limits are set on the production cross-

section times branching ratio to tt̄ for narrow Z� models. The observed 95% C.L. limits range from 38

pb at m = 500 GeV to 3.2 pb at m = 1300 GeV. In Randall-Sundrum models, Kaluza-Klein gluons with

masses below 650 GeV are excluded at 95% C.L.
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Figure 6: Expected (dashed line) and observed (black points connected by a line) upper limits on

σ× BR(Z� → tt̄) (a) and σ× BR(gKK → tt̄) (b) using the dRmin algorithm. The dark and light green

bands show the range in which the limit is expected to lie in 68% and 95% of experiments, respectively,

and the red lines correspond to the predicted cross-section times branching ratio in the leptophobic top-

colour and RS models. The error bars on the topcolour cross-section curve represent the effect of the

PDF uncertainty on the prediction.

12 Summary and conclusions

A search for top quark pair (tt̄) resonances in the lepton plus jets final state has been performed with the

ATLAS experiment at the LHC. The search uses a data sample corresponding to an integrated luminosity

of 200 pb
−1

, and was recorded at a proton-proton centre-of-mass energy of 7 TeV. No evidence for a

resonance is found. Using the reconstructed tt̄ mass spectrum, limits are set on the production cross-

section times branching ratio to tt̄ for narrow Z� models. The observed 95% C.L. limits range from 38

pb at m = 500 GeV to 3.2 pb at m = 1300 GeV. In Randall-Sundrum models, Kaluza-Klein gluons with

masses below 650 GeV are excluded at 95% C.L.
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heavy resonances: boosted top pairs

>candidate event with mtt ~ 
1.6 TeV

> tops get heavily boosted ➞ 
will get merged into one jet 
at higher masses

>need other reconstruction 
strategy

> idea: use fat jets that contain 
all partons

>use jet mass as discriminant

>need to handle pile-up

> first studies show good 
mass resolution in 
simulation and also good 
data-MC agreement
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Figure 4: Reconstructed tt̄ mass on linear (a) and logarithmic (b) scales using the dRmin algorithm after

all cuts. The electron and muon channels have been added together and all events beyond the range of

the histogram have been added to the last bin. Only statistical uncertainties are shown.

Figure 5: Event display for a high-mass event (mtt̄ = 1602 GeV). The main panel on the top left shows

the r − φ view, the bottom panel the r − z view, and the middle right panel the calorimeter η − φ view.

The top quark boosts lead the decay products to be collimated, albeit still mostly distinguishable using

standard reconstruction algorithms.
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FCNC and anomalous couplings

>search for flavour changing neutral 
currents in top decay and 
production

>set limits on t→qZ branching ratio

>upper limits on qg→t→blν 
production

15
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ATLAS-CONF-2011-122

>measurement of the polarisation of 
the W bosons in top quark decays

>sensitive to structure of Wtb vertex

>set constraints on anomalous 
couplings



dileptonic signature
two leptons in final state

W

Q4

Q̄4 W

q

�

ν

�

ν

q

g

g

Figure 1: A representative Feynman diagram of Q4Q̄4 production and dileptonic decay.

1 Introduction

A fourth generation of chiral quarks would be a natural extension to the Standard Model, is capable of

providing a source of CP Violation in Bs decays and accomodates a heavy Higgs boson [1, 2]. Searches

for fourth generation quarks at the Tevatron constrain the mass of up-type quarks (u4) that decay as

u4ū4 → WbWb → �νbqq�b to be mu4
> 356 GeV [3] with 5.6 fb

−1
of integrated luminosity. Limits on

the mass of down-type quarks (d4) decaying via d4d̄4 → WtWt → WWbWWb → �νqq�bqq�qq�b are

md4 > 372 GeV [4] with 4.8 fb
−1

of integrated luminosity. Both limits were set with data collected by

the CDF detector.

In this note, we present the first search at the LHC for pair production of a heavy quark Q which

decays via Q4 → Wq where q = u, d, c, s or b. We use a u4 model for specificity but without loss of much

generality. This analysis is directly applicable to more exotic quark models (e.g. quarks with charges

−1/3, −4/3 decaying to Wq [5] where q is a light quark), and – since the lepton momentum distributions

are nearly identical – to down-type fourth generation quarks, d4. Unlike the searches performed at

Tevatron, we pioneer heavy quark searches in which two W bosons decay into two leptons of opposite

electric charge: Q4Q̄4 → W+qW−q̄→ �+νq�−νq̄, see Figure 1.

The decay of the heavy quark is very similar to that of the top quark: we expect to see at least two

jets, two charged leptons, and missing transverse energy (Emiss

T
) from undetected neutrinos. Top quark

pair production is therefore the dominant source of background. To distinguish a potential heavy quark

signal, we perform an approximate Q4 mass reconstruction by taking advantage of the large boost that

W bosons receive from the decay of a heavy Q4 compared to those from decay of top quarks. This large

boost makes the undetected neutrino approximately collinear with the observed charged lepton.

In the following sections, we describe the characteristics of the potential Q4Q̄4 signal and our mass

reconstruction strategy, discuss the sources of background and validate their modeling, and present our

results in the observed data.

2

t / 

/ t 

major backgrounds:
Z/γ+jets background (normalisation from data)
diboson production



31.08.2011 Clemens Lange – New Physics with Top

fourth generation quarks

>natural extension of Standard 
Model
 add CP violation for baryon asymmetry

 Higgs naturalness problem

> top-like Q4 decaying into Wq
 arXiv:0907.3155, σ(m≈300 GeV)~ 5pb

 independent of Q4 charge (can test 4/3 to 
-1/3e)

>higher boost than top decays

>discriminant: collinear mass 
(neutrino has same flight direction 
as lepton)

>challenging: look for a broad 
excess
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in the event, Mcollinear. We choose the values of |∆η(ν, �)| and |∆φ(ν, �)| and the jet assignments which
minimize the difference in the two reconstructed Mcollinear masses in the event.

Our final Mcollinear for the event is the average of the two solutions in the event. The reconstructed
Mcollinear distributions for Q4 with mQ4 = 350 GeV and the tt̄ background are shown in Figure 5.
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Figure 4: True pT of parent W versus true ∆R between its daughter lepton and neutrino for all lepton
decay modes. Left, from the decay of a Q4 with true mass 350 GeV. Right, for the decay of a top quark
with mass 172.5 GeV.
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Figure 5: Reconstructed mass from collinear approximation, Mcollinear, for Monte-Carlo simulation of
Q4 with pole mass of 350 GeV and for top. Each histogram is scaled to unit area. The distributions have
long tails that are produced by wrong jet assignment in events where the true jet fails selection cuts.

The expected background yields and number of observed events after the baseline selection are given
in Table 3. Distributions of HT, where HT = HT

jet,lepton + E
miss
T , and Mcollinear are shown in Figure 6.

To validate the modeling of the tt̄ background, we examine a region of low HT, which is depleted of
signal; see Figure 7. We validate our modeling of the backgrounds in large HT by removing the signal
events with cuts on specific objects, such as requiring low pT leptons, low pT jets, or low E

miss
T . Figure 8

shows that the signal can be removed from the low HT region by applying these cuts.

4.4 Final selection

Our baseline selection provides excellent discrimination against Z/γ∗ and other backgrounds. However,
to be sensitive to Q4 events, we must suppress the dominant tt̄ background. The reconstructed mass,
Mcollinear, and the scalar sum of transverse event energy, HT, are both excellent discriminating variables.
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Figure 6: Expected and observed distributions of HT and reconstructed Mcollinear for the sum of ee, µµ,
and eµ channels after the baseline selection.

Table 3: Expected and observed number of events after baseline selection. Uncertainties are statistical

followed by systematic scale uncertainty. The systematic uncertainty does not include uncertainty due to

the integrated luminosity, which is a scale uncertainty of 11%.

Sample ee eµ µµ ��

tt̄ 12 ± 0.2 ± 1.3 51 ± 0.5 ± 1.4 22 ± 0.3 ± 2.6 85 ± 0.6 ± 3.2

single top 0.6 ± 0.1 ± 0.1 2.5 ± 0.1 ± 0.3 1.3 ± 0.1 ± 0.2 4.4 ± 0.1 ± 0.3

Z→ ee 1.6 ± 0.4 ± 0.5 0 ± 0 ± 0 0 ± 0 ± 0 1.6 ± 0.4 ± 0.5

Z→ µµ 0 ± 0 ± 0 0.2 ± 0.1 ± 0.1 2.0 ± 0.4 ± 0.6 2.2 ± 0.4 ± 0.6

Z→ ττ 0.5 ± 0.2 ± 0.2 3.0 ± 0.5 ± 0.9 1.1 ± 0.3 ± 0.3 4.6 ± 0.6 ± 1.0

WW, WZ, ZZ 0.3 ± 0.1 ± 0.1 1.1 ± 0.1 ± 0.1 0.5 ± 0.1 ± 0.1 1.9 ± 0.1 ± 0.1

Lepton misID 0.7 ± 0.8 ± 0.4 1.8 ± 1.3 ± 0.9 0.5 ± 0.7 ± 0.3 3.0 ± 1.7 ± 1.0

Total Bg 15 ± 1.0 ± 1.5 56 ± 1.5 ± 1.9 27 ± 0.9 ± 2.7 100 ± 2.0 ± 3.6

Observed 16 52 31 99

.
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Figure 7: Observed and expected distributions in the signal depleted region (HT< 500 GeV) for E
miss

T

(left), leading lepton pT (center), and leading jet pT (right). These distributions represent the sum of the

ee, µµ, and eµ channels.
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fourth generation quarks: limits

>set limit for production cross-section of Q4

> translates into lower mass limit: mQ4 > 270 GeV 
 Best Tevatron limits: CDF, 4.6 fb-1: mQ4 > 335 GeV
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Figure 13: 7 TeV 37 pb
−1

95% confidence observed limits and median expected cross-section upper

limits in background-only pseudo-experiments compared to the theoretical prediction.

the mass mQ4
> 270 GeV/c2

at 95% confidence level. These limits are directly applicable to up-type

fourth generation quarks u4 as well as other exotic quark models [5] of quarks with charges −1/3, −4/3
decaying to light quarks, Q4 → Wq, including down-type fourth generation quarks, d4 → Wq.

In the near term, we expect this approach to be combined with searches in other decay channels. In

the longer term with additional data from the LHC, this method will provide excellent sensitivity to new

quarks in a wide mass range.
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dilepton resonances

> first result obtained in dilepton 
channel

>complementary to single leptonic 
result

>use HT + MET distribution

>uses large dataset

>set limits on the cross-section × 
branching ratio for Kaluza Klein 
gluons

>mKK > 0.84 TeV (95% C.L.) in 
Randall-Sundrum model

>comparable to single-leptonic result 
(but significantly more statistics)

19
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summary

>LHC provides ideal environment for new physics in top-like states
 larger production cross-sections for heavy particles

 high statistics available

>several new physics signals already studied
 heavy particles decaying into top pairs + MET 

 resonances decaying into top pairs (both single leptonic and dileptonic channel)

 flavour changing neutral currents and anomalous couplings

 limits on fourth generation quarks

>analyses are constantly updated with higher statistics

>boosted tops very promising for future analyses
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